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Abstract
The current paper aims to present an iterative scheme to explore the response of rock salt around energy storage caverns under
thermo-mechanical cyclic loadings. Based on this, predictions from numerical simulations and measurements from laboratory
investigations interact and get closer to realistic conditions. An exemplary iteration-cycle is conducted for one speciﬁc point in the
vicinity of a cavern that is considered as critical in terms of the integrity-underlying rock salt behaviour, e.g. stress-strain relations
and dilatancy development. The introduced scheme can be also used in those applications in which rare observations regarding the
real behaviour of the system exist.
c© 2016 The Authors. Published by Elsevier Ltd.
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1. Introduction
The utilization of wind energy plants or solar panels is strongly dependent on wind and sunshine intensity. Accord-
ingly, one consequence of the transition from fossil to renewable energy resources is the fact that the energy produced
by these resources has a ﬂuctuating nature. Although, those energy resources are somehow inexhaustible, there could
be a time lag between the supply and the demand for electricity when these resources are employed. This may lead to
an undersupply of electricity in the power grid during the peak of electricity consumption. To overcome this problem
and to provide a sustainable power supply, storing energy in the form of compressed air or hydrogen in deep salt
caverns has been studied in numerous research projects during recent years (e.g. [1–3]). Due to special geological
conditions in Northwestern Germany that is geographically close to the oﬀshore wind farms in the North Sea, one
promising possibility is to store the energy in deep salt caverns by compressed air or hydrogen. Using solution-mined
salt caverns for storing natural gas or crude oil over long time periods has been executed for decades [4,5]. In contrast,
in the current application weekly to daily cycles of ﬁlling and withdrawing of gas from the caverns is the main con-
cern. For this reason, the resulting cyclic characteristic of thermo-mechanical loading in the vicinity of the caverns
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has to be carefully taken into account. In this paper, the authors introduce an innovative concept to analyse the rock
salt caverns under cyclic thermo-mechanical loading. Experimental investigation, constitutive modelling as well as
numerical simulations are closely linked with this objective to explore the most realistic system response of a rock salt
cavern under a characteristic loading condition for the aforementioned application. The scheme of this workﬂow is
described in Sec. 2. In this paper, the experimental setup is introduced in Sec. 3. Then, the fundamental assumptions
of constitutive modelling and numerical simulation are introduced in Sec. 4 and 5, respectively. This is followed
by an exemplary application pointing out the interaction between experiments, numerical analysis and constitutive
modelling in Sec. 6. It is worth to be mentioned that the introduced concept in this paper can be also applied for those
applications in which measurements of the system response is not straightforward.
2. Methodology and workﬂow
A rock salt cavern is an underground cavity mined at depth of several hundred meters and used to store energy
carriers. Technically, the solution-mining technique is utilized to leach out the salt and form these types of caverns.
Since the solution-mined caverns are very deep structures, conducting the ﬁeld measurements which might help us to
understand the real response of the host rock are practically very diﬃcult. In this paper, an iterative procedure aiming
to ﬁnd the most realistic stress-strain relation in the ﬁeld is introduced. Fig. 1 represents the main steps of the iterative
concept. As seen, the three investigation levels i.e. experimental, constitutive modelling and numerical analysis
interact with each other in a systematic manner in order to improve the assumptions, evaluations and predictions.
The ﬁrst step of the investigation is based on former experience in similar projects and a literature database. At this
step, the existing information regarding the rock salt behaviour including the executed experimental tests on rock salt
and the existing models are collected from literature. These information might be not directly congruous to the cyclic
thermo-mechanical condition in the caverns which are in the focus of the current research project. For example, during
the past four decades, numerous studies have been performed in an attempt to predict the mechanical behaviour of salt
under constant loading. Even though those tests cannot reﬂect the whole range of rock salt behaviour for the certain
application, they are appropriate as an overall starting point for selecting a basic constitutive model. Obviously,
the selected basic model does not reproduce all the relevant responses of the rock salt. Therefore, once the basic
constitutive model is selected, its capabilities are improved by adding diﬀerent features to it. In general, the accuracy
level of one satisfying model depends on rheological behaviour and on the underlying processes at micro-scale on
one hand and on the other hand, it also depends on the loading scenario that is going to be applied. Knowledge about
these fundamental conditions allows us to formulate which material properties are of higher importance and to decide
which ones might be negligible. In the context of this research, those properties of high interest are identiﬁed as elastic
deformation, viscoplastic deformation, creep deformation and damage evolution.
Once a suitable constitutive law was chosen, in the subsequent step a numerical simulation can be carried out.
The numerical computations represent realistic scenarios including all relevant loading phases even those prior to
the caverns actual usage. That are the excavation (leaching), followed by a constant brine-pressure and a debrining
phase. After also keeping pressure of debrining phases constant for some time, a ﬁrst ﬁll and succeeding cycles of
charging and discharging pressure are applied. Stresses and strains at the points along the cavern’s vicinity can be
plotted and compared to experimental data used for calibrating the constitutive law. Depending on similarity of stress-
strain-behaviour predicted by numerical results and observed by means of experimental data one can decide, if the
assumptions are suﬃcient or an improvement or update is needed. In case results are not suﬃcient, critical locations
at the wall of the cavern can be determined and the corresponding stresses and temperatures can be the starting point
for the new experimental investigation. In this way, the new applied stress paths will be closer to the realistic ones.
To close the current iteration, relevant measurements from experiments are the basis for a new calibration of the
constitutive model and all following steps.
3. Experimental setup
A new triaxial device was developed at the Chair of Foundation Engineering, Soil and Rock Mechanics (Ruhr-
Universita¨t Bochum) to run element tests corresponding to the expected loading conditions in a salt cavern with
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Fig. 1: Workﬂow of iterative concept proposed in this research.
periodically changing level of charging. The dimension of the constructed device suits an element core with a diam-
eter of 50mm and height to diameter ratio of two. Independent control of axial and conﬁning stresses as well as in
temperature distribution has been considered in this device to reproduce diﬀerent stress and temperature states occur-
ring along the cavern walls. Additionally, all the thermo-mechanical loads can be applied in controlled cycles. The
experimental setup and a schematic sketch of the triaxial cell are shown in Fig. 2. Conﬁning pressure is controlled by
a VPC (volume pressure controller) that is connected to a hydraulic pressure intensiﬁer with a multiplication factor of
four. Therefore, a pressure range inside the triaxial cell of up to 40MPa can be achieved. The axial stress is controlled
by a pneumatic cylinder and intensiﬁed via a leverage system that is connected to the frame and acts also as abutment.
An axial force of about nine tons can be generated that corresponds to an axial stress of 45MPa in the cross-section
of the loaded sample. A winded pipe is installed inside the wall of the cell along the whole circumference and height
of the cell. Heated or cooled down water can circulate through this pipe to adjust the temperature of the conﬁning
medium as well as the salt sample. Temperature of circulating water is controlled by an external thermostat and it is
regulated by a temperature sensor located close to the sample. The temperature, the axial load, the conﬁning pressure
and the displacements are recorded continuously. To measure the deformation of the loaded sample, nine LVDTs
(linear variable diﬀerential transformers) are embedded inside the cell. Six LVDTs are measuring the axial displace-
ments (i.e. three at the top and three at the bottom), enabling to eliminate deformation of the load piston and isolate
the actual sample deformation. Three LVDTs are attached in horizontal direction to measure the radial displacements
of the sample. Having this three-dimensional strain information, the calculation of the volumetric strain becomes
possible (also applied e.g. in [6]). Another possibility is to directly measure the volume change using the VPC (see
e.g. [7]). By measuring volumetric strain, dilative and compressive deformation behaviour can be distinguished.
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(a) (b)
Fig. 2: Thermo-mechanical triaxial loading device
4. Constitutive modelling of rock salt
The selected, modiﬁed and implemented constitutive model should be able to describe the /long-term behaviour of
rock salt. Accounting for both short-term and long-term responses allows us to apply the model in diﬀerent types of
simulations in terms of loading conditions (i.e. constant loading, monotonic and cyclic loading) as well as diﬀerent
time scales (i.e. short-term or long-term). Rock salt exhibits rate dependent behaviour in short-term triaxial tests. To
describe the short-term behaviour of rock salt in triaxial experiments, the elasto-viscoplastic model (EV) introduced
by Desai in [8] has been employed. This model is based on a single-surface plasticity concept. The employed non-
associated ﬂow rule yields to better description of the volumetric plastic strain. The dependency of the yield surface on
Lode’s angle results in diﬀerent material responses in triaxial compression, shear and extension tests. The model takes
into account the material dilatancy and compressibility which enhances the modelling of the volumetric behaviour. In
addition, the failure boundary allows the model to account for the short-term failure of the rock salt in strength tests.
Furthermore, the rate dependency described via the viscoplasticity formulation explains the rate dependent behaviour
of rock salt. Fig. 3a shows the short-term failure, the dilatancy and the viscoplastic yield surfaces deﬁned by Desai in
principal stress space.
On the other hand, it is well-known that creep deformation occurs when a constant load is applied to the rock
salt. To describe the time-dependent behaviour of rock salt, a modiﬁed creep law has been formulated based on the
Norton creep law in which the creep strain rate is a function of the applied deviatoric stress and temperature [9]. Other
features which have to be added to the model are the strain softening in triaxial strength test, the tertiary creep in
long-term creep tests and the failure in cyclic loading tests. All these features are the consequences of damage and
microcracking in the rock salt sample. Therefore, an energy dependent parameter has been added to the model in
order to describe the damage evolution. Fig. 3b represents the short-term failure boundary, the dilatancy boundary
and the viscoplastic yield function in the I1 −
√
J2 plane. As it is described in the ﬁgure, when the stress state is in the
dilatancy zone, damage and microcracking start to develop. As a consequence, permeability increases and long-term
failure becomes more likely to occur.
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Fig. 3: The short-term failure boundary, the dilatancy boundary and the viscoplastic yield surface deﬁned by Desai in (a) principal stress space (b)
I1 −
√
J2 plane.
5. Determination of stress paths around the cavern
In a numerical study the whole process of cavern utilization is modelled through a ﬁnite element analysis. The
simulation begins with the modelling of cavern excavation which is a long-time process (i.e. a few years). Leaching
process and debrining phase are simulated in this step. After cavern construction, the cyclic loading operation with
daily cycles is modelled. Calculations are carried out employing GiD software [10] as the pre- and post-processor
for the Code-Bright ﬁnite element solver [11]. In this way, the rock salt in the vicinity of the cavern is numerically
analysed and the stress-strain relations under cyclic loading are investigated. Fig. 4 represents the geometry and
boundary conditions of a typical cavern which is considered in this study. Dimensions of the host rock have been
selected large enough to ensure that caverns thermo-mechanical behaviour is not interfered by the outer boundaries.
The applied boundary conditions at the top and right borders depict the overburden that is constant at the top and
linearly increasing with depth at the side. The initial stresses are assumed to be isotropic. The cavern itself has a
radius of 37.5m and a total height of 233m. In order to understand the mechanism of stress development around
the cavern, only the cyclic mechanical loading has been considered in this numerical example while the temperature
is assumed to remain constant. However, extension to thermal load conditions is executed in the framework of this
research project and presented in another research paper by the authors. In principle, in Fig. 4 the mechanical loading
steps (pressure inside the cavern) are drawn over the whole utilization sequence, beginning at undisturbed geology and
geostatic pressure (point 1), continued by solution mining phase (2), leading to a constant pressure phase (3) before
debrining is considered (4) that in turn is followed by a cyclic loading phase (5).
Beyond the aforementioned objectives, dealing with existing uncertainties in the material and design parameters, a
stochastic analysis has been utilised by the authors in [12]. A global sensitivity analysis (GSA) can investigate which
parameters are inﬂuencing relevant rock salt behaviour most and thus have to be investigated with highest accuracy
(for details see [13]). As it is needed to run hundreds of model evaluations, the execution of this probabilistic method
requires a relatively high amount of time and computational eﬀort. To make this analysis feasible, a metamodelling
technique is applied. This analytical model substitutes the original simulation with suﬃcient accuracy and evaluates
the behaviour of a multi-variate complex system (for details see [13,14]).
6. Exemplary execution of one iteration
Fig. 5 shows the I1 −
√
J2 plane with stress paths considering the stress development at one point in the cavern
vicinity (point A in Fig. 4). Additionally, two limiting criteria are also plotted in the diagram. Namely the short-
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Fig. 4: Model and boundary conditions for numerical simulation of an energy storage cavern.
term failure boundary, which describes the ultimate strength. Also the dilatancy boundary is shown, which separates
domains of contractant (below) and dilatant (above) strain behaviour. As long as the stress state is below this surface,
rock salt behaves contractant. Cracks are getting closed and rock salt recovers if loaded in this stress domain. If
the stress state is above the dilatancy boundary but below the failure boundary, microcracks occur in the rock salt
and volumetric strain increases. Microcracks (or damage), which occurrence is accelerating, accumulate over time.
Finally, if stress state remains in this domain and thereby a continuous reduction of the load transferring area is
triggered, a progressive failure known as tertiary creep will occur. For further explanation, see e.g. [15]. If stresses
are speciﬁed as invariants, as it is done in the numerical simulations, they have to be converted to laboratory values
suitable for triaxial testing (see e.g. [16]). Calculations were executed following the load sequence introduced in Sec.
5 considering two diﬀerent constitutive models. Numbers added to the curves in Fig. 5 accord to the labelling in Fig.
4, so changes in load application are easily traceable. In this study, the plotted stress paths show that the cavern is
loaded exceeding the dilatancy boundary as it is also one objective to investigate the maximum allowable gas pressure
range during operation. However, this is not focused in this article.
Although all results achieved for diﬀerent constitutive models show the same Lode’s angle for a point at the bottom
of the cavern, there are substantial diﬀerences in evidence along the stress path in the I1 −
√
J2 plane. Both curves
start at the same isotropic stress state representing the geostatic pressure at the cavern’s bottom. During the leaching
phase, a pressure reduction leads to a decrease in isotropic stress and an increase in deviatoric stress. Following
the stress path of the Elastic+Viscoplastic model (EV), one can see time or duration of the leaching phase has not a
tremendous eﬀect on the stress path as it develops more or less linear in the I1 −
√
J2 plane. Especially in the constant
load phase (steps 2 to 3) no further stress relaxation is recognized. Instead, stress keeps constant at this level over the
whole period. Since brine pressure and debrining pressure are the same at the cavern’s bottom, no diﬀerence in stress
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Fig. 5: Stress paths (extension, Lode’s angle θ = 0) at the bottom of the cavern derived for diﬀerent constitutive models visualising the regarding
properties like elasticity, viscoplasticity and creep and a simpliﬁed stress path for application of loads in the triaxial test device (for labels (1) to (5)
see Fig.4).
is derived between stages 3 and 4. The onset of cyclic loading (5) is only recognizable in the ﬁrst cycle. The ﬁrst
unloading path results in an increase in deviatoric stress and a decrease in isotropic stress. Reloading of the cavern
and subsequent cycles lead to an elastic behaviour. This is also due to the calibration using stress-strain curves of
experimental strength tests that were carried out at relatively high rates in the range of hours for full load application.
Details about calibration are presented in [9].
As known from literature about the extensive research over several decades, in fact time-dependent eﬀects have
signiﬁcant impact on rock salt constitutive behaviour. For this reason and to consider creep as well, an additional
term was added to the constitutive model which is also explained in more detail in [9]. For calibration, adequate
experimental creep test data from literature were used in this case [8,17,18]. The eﬀect gets directly visible in the
I1 −
√
J2 plane looking at the according Elastic+Viscoplastic+Creep (EVC)-stress path in Fig. 5. During the leaching
phase, a higher amount of deformation is the underlying reason for the observed stress relaxation that continues even
in the following constant load phase. In contrast to the EV-stress path, the EVC-stress path shows an accumulative
tendency during cyclic loads. This also results from the implemented creep-term. The general stress paths with and
without consideration of the creep term diﬀer distinctly. Once a point in the cavern vicinity is identiﬁed as critical to
any predeﬁned criteria and a stress path is derived in a numerical simulation using an adequate and well calibrated
constitutive model, this can be taken as the basis for succeeding own experimental investigations. Due to the complex
nature of the stress path obtained in numerical simulations, it is suitable to simplify the stress path in the way it is
shown in Fig. 5. As the cyclic behaviour is of main interest, the load stages until the ﬁrst ﬁll are linearised starting
at isotropic stress state up to the maximum deviatoric stress state. Then, for the cyclic loading, it is assumed that the
stresses alternate with a constant I1. Stresses obtained here can be converted as explained above. Measured stress and
strain relations from experimental tests can then be used as new calibration data to improve parameter assumptions in
the constitutive model, completing an iteration path demonstrated in Fig. 1, i.e. measurements of own experiments
that were conducted under more realistic boundary conditions (BCs) are the basis for updating parameters of the
applied constitutive model in the calibration process. At this point of iteration it has again to be decided whether all
relevant characteristics of the material behaviour (new experiments with more realistic boundaries might have revealed
additional properties) are reﬂected in the current constitutive model. Depending on this, it might be necessary to add
further terms to the constitutive model. Having an updated and newly calibrated model, the numerical simulations
can be performed and modiﬁed, subsequently. Results should be compared to experimental results, when they ﬁt
suﬃciently the iteration may stop.
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7. Conclusion
In this paper an iterative concept involving experimental, numerical and constitutive investigations for analysing
cavern behaviour under cyclic thermo-mechanical loading was introduced qualitatively. It was demonstrated that the
iterative process is needed if a more precise insight in stress evolution at critical points in the vicinity of the cavern
is required. Investigation of rock salt behaviour in a general manner, i.e. without a very strong link to a speciﬁc
application, as it is done in most research activities, gives accordingly just general information about the material’s
constitutive behaviour. Not every separately observed eﬀect has the same amount of inﬂuence in a speciﬁc application.
A more detailed description of the stress-strain-relation can be governed if the intrinsic rock behaviour and the relevant
loading scenario are considered with the same intensity in each element of the chain of investigations. As the input
information (conditions and parameters) of one step is always the output of a preceding step, an iteration procedure
improves the results in every cycle. Adequate tools, such as experimental devices, numerical methods and constitutive
models, are the basis for a successful iterative study and are presented in the paper as well.
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